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ABSTRACT. Particle detection efficiency curves for 26 condensation particle coun- 
ters were determined during a calibration workshop in preparation for the Aerosol 
Characterization Experiment 1 (ACE1). Three different types of commercially 
available particle counters, the ultrafine condensation particle counter (TSI-3025) 
and the condensation particle counters (TSI-3010 and TSI-3760 or TSI-7610) were 
investigated at default temperature and flow settings as well as for other flow rates 
and temperature differences between the saturator and the condenser. Further- 
more, the pulse-height-analysis ultrafine condensation particle counter and a 
TSI-3010 modified to achieve a higher temperature difference were calibrated. In 
this study, the large number of particle counters investigated provided the opportu- 
nity to obtain a more statistically significant picture of the performance of different 
particle counters for different operating conditions. AEROSOL SCIENCE AND TECH- 
NOLOGY 27:224-242 (1997) O 1997 American Association for Aerosol Research 

INTRODUCTION 
Condensation particle counters (CPC) are 
widely used for measuring the number con- 
centration of submicrometer aerosol parti- 

* Corresponding author. ' Ncw address: Brookhaven National Laboratory, 
Atmospheric Chemist~y Division, Upton, NY 11973. 

cles. Applications include measurements 
of total aerosol number concentrations 
(limited by the 50% detection efficiency 
diameter of the particle counter), or the 
number concentration measurements after 
sizing devices such as differential mobility 
analysers (DMA) or diffusion batteries. 
Particle counters used in state-of-the-art 

Aerosol Science and Technology 27:224-242 (1 997) 
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techniques are based on the continuous 
flow, single-particle-counting CPC principle 
as described by Aganval and Sem (1980). 

In this study, the particle detection effi- 
ciency curves and 50% particle detection 
efficiency diameters were measured for 
three commercially available continuous 
flow CPCs [CPC TSI-3760, CPC TSI-3010, 
and the ultrafine condensation particle 
counter (UCPC) TSI-30251, the pulse- 
height-analysis UCPC (PHA-UCPC; origi- 
nally, the prototype of the TSI-3025 UCPC), 
and a modified CPC TSI-3010. Since the 
CPCs were to be used during the Aerosol 
Characterization Experiment 1 (ACE1) field 
campaign (Nov.-Dec. 1995) in Tasmania, 
Australia, the calibrations were performed 
under the operating conditions (i.e., flow 
rate and temperature difference between 
saturator and condenser) planned for 
ACE1. 

The particle counting efficiency curve for 
the UCPC TSI-3025 has been presented in 
a recent publication. In Kesten et al. (1991), 
the counting efficiency curve was measured 
with silver and sodium chloride as particle 
materials. They found a relatively steep de- 
tection efficiency curve with a counting ef- 
ficiency larger than 95% for particle diame- 
ters 0, > 6 nm. The 50% detection effi- 
ciency diameters observed for silver and 
sodium chloride were 2.90 and 3.14 nm, 
respectively. The aerosol was produced in a 
tube furnace generator (Scheibel and Pors- 
tendorfer, 1983) and size-segregated by 
TSI-3071 differential mobility analyzer 
(DMA). A TSI-3068 aerosol electrometer 
was used as a comparison standard. 

The counting efficiency curve and the 
50% detection efficiency of the PHA-UCPC 
have been investigated previously by 
Stolzenburg and McMurry (1991) employ- 
ing sodium chloride particles, and again by 
Weber (1995) with sodium chloride tung- 
sten oxide, sulphuric acid, and ammonium 
sulphate as particle materials. For the 
PHA-UCPC, counting efficiencies for parti- 
cles larger than 3 nm were compared at 
p = 250, 500, 670, and 1000 mbar. It was 
found that the counting efficiency dropped 

only slightly with decreasing pressure for 
particles between 3 and 6 nm. The count- 
ing efficiency was insensitive to pressure 
changes for particles >6 nm (Saros et al., 
1996). 

Recent studies by Fissan et al. (1996) and 
Birmili et al. (1997) have shown that the 
DMA transmission function for ultrafine 
particles < 10 nm became relatively broad. 
The broad DMA mobility bins lead to larger 
uncertainties in the counting efficiency in 
the particle size range where the counting 
efficiency curve is steepest. 

The nominal 50% particle detection ef- 
ficiency diameter of the TSI-3010 CPC is 
approximately 10 nm for the standard flow 
rate of 1.0 l/min and the default tempera- 
ture difference, AT, between saturator and 
condenser of 17°C. In Mertes et al. (1995), 
the particle detection efficiency curve for 
three ATs, 17, 21, and 25°C was meas- 
ured at the standard flow rate. The 50% 
particle detection efficiency diameters de- 
termined by Mertes et al. (1995) were 10.5, 
7.6, and 5.7 nm, respectively. In other words, 
with decreasing temperature difference AT, 
the 50% detection efficiency diameter was 
shifted to smaller particle sizes. Further- 
more, the slope of particle detection effi- 
ciency curve became steeper with increas- 
ing AT. Here, two UCPC-TSI 3025s with a 
nominal 50% particle detection efficiency 
diameter of 3 nm were used as comparison 
detectors. They assumed that the TSI-3025 
UCPC performed the same as the UCPC 
which Kesten et al. (1991) compared to an 
electrometer. Thus, their standard was an 
electrometer with the UCPC as the trans- 
fer standard and the assumption that two 
UCPCs have identical efficiencies down to 
4 nm in particle diameter. A Hauke- 
type DMA was used to select a quasi- 
monodisperse ultrafine aerosol from a tube 
furnace generator. The DMA was operated 
with a 3/20 aerosol-to-sheath air flow 
ratio. 

The TSI-3010 is designed to maintain a 
constant temperature difference AT, while 
the absolute temperatures of the saturator 
and condenser may vary. The maximum 



226 A. Wiedensohler et al. Aerosol Science and Technology 
27:2 August 1997 

AT, which may currently be set for the 
TSI-3010, is 25°C. A larger AT was reached 
for the modified TSI-3010 by adding active 
heating of the saturator and thermal de- 
coupling of the saturator (bottom part of 
the CPC) from the condenser block. The 
counting efficiency of the modified TSI-3010 
CPC was investigated down to 5 nm in 
diameter by Russell et al. (1996) with silver 
and sodium chloride particles. 

The TSI-3760 CPC (equivalently, the 
TSI-7610 CPC) has a nominal 50% particle 
detection efficiency diameter of 15 nm for a 
standard flow rate of 1.416 l/min (0.05 
ft3/min). Zhang and Liu (1991) published 
particle detection efficiency curves for this 
particle counter for reduced pressures and 
flow rates using an aerosol electrometer as 
a comparison detector. They confirmed the 
50% particle detection efficiency diameter 
for standard pressure (1013 mbar) and 
standard flow rate conditions. Furthermore, 
they found that the counting efficiency 
curve was shifted to larger sizes with de- 
creasing pressure and flow rates. In a study 
by Hermann and Wiedensohler (1996), the 
counting efficiency was measured down to 
200 mbar. They found, in contrast to Zhang 
and Lui (1991), a shift of the particle detec- 
tion efficiency curve toward smaller sizes 
with decreasing pressure. For 200 mbar, the 
50% detection efficiency was found to be 
12 nm. 

tube furnace 
I 

Hauke UDMA 
sheath air 

neutralizer 

I ~2 make-up air1 

The CPC calibration workshop held in 
Seattle, August 1995, in preparation for the 
ACEl field campaign 1995, provided the 
unique opportunity to compare the perfor- 
mance of several particle counters of the 
same type. A total of 26 CPCs from 10 
different institutes (6 TSI-3025, 11 TSI-3010 
including the modified version, 8 TSI-3760 
or TSI-7610, and the PHA-UCPC) were 
calibrated under the operating conditions 
planned for the ACEl field measurements. 
The goals of the workshop were twofold. 
First, to test and correct for possible prob- 
lems within each counter. Second, to 
measure and calibrate the counting effi- 
ciencies of each CPC, thereby allowing for 
data intercomparisons among the different 
planned measuring platforms of the ACEl 
experiment. 

DESCRIPTION OF THE 
CONDENSATION PARTICLE COUNTER 
CALIBRATION 
The calibration of the particle counters was 
performed with the experimental setup 
shown in Fig. 1. The monodisperse ultrafine 
aerosol generator consisted of a tube fur- 
nace for generating a polydisperse ultrafine 
aerosol (a, - 1.41, a bipolar charger (neu- 
traliser TSI-3077), and an ultrafine DMA 
(Hauke type VIE-06) for selecting particles 
of known size from the furnace-generated 

manifold _L_LL-+- 

FIGURE 1. Experimental setup used during the CPC intercalibration workshop. 
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aerosol. This approach for generating 
monodisperse ultrafine silver aerosols was 
originally described by Scheibel and 
Porstendorfer (1983). Silver particles were 
used to avoid effects of hygroscopic growth 
on the counting efficiency which could be 
induced by variations of the relative humid- 
ity of the sample flow. The monodisperse 
aerosol was mixed afterward with particle- 
free air and distributed to the particle 
counters (maximum eight at one time) from 
a sampling manifold. The tubing lengths 
were kept constant between the manifold 
and each CPC to ensure that the diffu- 
sional losses of ultrafine particles were the 
same for each particle counter. Special at- 
tention was also given to precise setting of 
the aerosol flow rates. This was especially 
the case with the TSI-3025 UCPC, where 
instrument limitations cause an uncertainty 
of at least *lo% in the aerosol sample 
flow. 

Six TSI-3025 UCPCs were calibrated un- 
der standard conditions, i.e., AT = 27°C and 
"high flow" mode (1.5 i/min total flow rate, 
0.03 1 Jmin aerosol sample flow rate) in the 
size range 2.5-10 nm. Additionally, the 
PHA-UCPC was calibrated ("high flow" 
mode, AT = 31°C, 0.03 l/min aerosol sam- 
ple flow rate) and the modified TSI-3010 
(AT = 36°C and 1 l/min aerosol flow rate) 
for the ultrafine particle size range 
(Table 1). 

We decided to calibrate to two TSI-3025 
UCPCs against an electrometer and to ern- 
ploy them as reference detectors for the 
other CPCs. There were several reasons for 

this decision: (a) to calibrate the CPCs for 
number concentrations around 1000 ~ m - ~ ,  
(b) to avoid coincidence, (c) to avoid low 
electrometer readings, and (d) to calibrate 
several CPCs at once. 

The particle detection efficiencies of two 
TSI-3025 UCPCs (12 and 13) were used as 
relative reference efficiencies. This was ac- 
complished with a comparison against a set 
of six TSI-3010 CPCs. The reason for this 
intercomparison was the existence of un- 
certainties of +lo% in the aerosol flow of 
the TSI-3025 UCPCs. Furthermore, the 
TSI-3010 CPCs were originally calibrated 
against the manufacturer's standard elec- 
trometer. This means that the reference 
UCPC and, thus, all CPCs would be cali- 
brated against the manufacturer's standard. 

First, the flow rates of the TSI-3010 CPCs 
were adjusted to be exactly 1.0 l/min. Due 
to the good counting statistic of a TSI-3010 
CPC (resulting from the relatively high 
aerosol flow rate) compared to a TSI-3025 
UCPC (0.03 l/min), it can be assumed that 
the counting efficiencies of the TSI-3010 
CPCs were 100% for 40 nm particles. All 
TSI-3010 CPC number concentrations 
agreed within *2%. The small deviations 
provided confidence that the precision of 
the TSI-3010 number concentration was 
high and, furthermore, that the aerosol was 
homogeneously mixed in the manifold. Fi- 
nally, the flows of the 12 and 13 UCPCs 
and the other four TSI-3025 UCPCs were 
adjusted until agreement with all other 
TSI-3010 CPC's was found. 

TABLE 1. Ultrafine Condensation Particle Counters Calibrated durinr! the Intercomoarison Workshou 

CPC 
Number CPC Type Institute 

Aerosol Temperature 
Serial Flow rate Difference 

Number (Ilmin) AT PC) 

TSI-3025 
TSI-3025 
TSI-3025 
TSI-3025 
TSI-3025 
TSI-3025 
PHA-UCPC 
Modified 

TSI-3010 

Colorado State Univ. 1091 0.03 27 
Pacific Marine Environmental Laboratory 1099 0.03 27 
Univ. of Hawaii 1011 0.03 27 
Univ. of Washington 1110 0.03 27 
Institute for Tropospheric Research 1109 0.03 27 
Univ. of Washington 1041 0.03 27 
Univ. of Minnesota - 0.03 3 1 

California Institute of Technology 2030 1.0 36 
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The absolute detection efficiency was 
measured using a TSI-EAA (electrostatic 
aerosol analyser) electrometer as the com- 
parison detector with a lower detection limit 
of 10-l5 A. The electrometer showed a 
positive gain error of 9.2%. This deviation 
(mean value derived from comparison of 
the electrometer number concentration 
with both reference counters) was found to 
be relatively constant with particle size (20, 
30, and 40 nm). The counting efficiencies of 
both reference UCPCs were corrected for 
this gain error in the size range 2.5-10 nm. 
The measured particle detection efficiences 
of the UCPCs 12 and 13 compared with 
exponential two-parameter fits Eq. 1 are 
plotted in Fig. 2a. The two-parameter equa- 
tion 

was developed by Stolzenburg and 
McMurry (1991) to describe the condensa- 
tion activation efficiency neglecting the 
sampling efficiency. For this study, how- 
ever, the two-parameter fit was sufficient to 
fit the measurements. 

In the next step, the four other TSI-3025 
UCPCs, the PHA-UCPC, and the modified 
TSI-3010 CPC were calibrated against the 
UCPCs 12 and 13 in the 2.5-10 nm particle 
size range. The exponential fit of the UCPC 
12 counting efficiency was used to calculate 
the particle detection efficiency of the other 
particle counters from the comparison 
measurements. For the data interpretation, 
the measured particle detection efficiencies 
were normalised to unity for 10 nm parti- 
cles. The measured (crosses) and nor- 
malised counting efficiencies (solid squares) 
of the TSI-3025 UCPCs 9, 10, 11, and 14 
compared with exponential fits (solid lines) 
are plotted in Fig. 2b-e, respectively. As 
one can recognise, the aerosol flow rate 
probably drifted from the value set in the 
UCPC calibration leading to counting ef- 
ficiencies larger or smaller than unity for 10 
nm. The TSI-3025 UCPCs 9, 10, 11, and 14 

show fairly sharp efficiency cutoffs consist- 
ent with the results of Kesten et al. (1991). 
These counting efficiency curves are also 
comparable with the measured counting 
efficiency of the PHA-UCPC as shown later. 

The remaining two TSI-3015 UCPCs 12 
and 13 from this study showed degraded 
performance with much broader efficiency 
cutoff characteristics. The sharpness of the 
efficiency cutoff of a properly functioning 
UCPC (beside particle material effects) is 
achieved by containing the aerosol flow 
close to the centre line of the condenser 
tube where the supersaturation is highest. 
It might be that the cause for the broaden- 
ing of the counting efficiency curve is a 
disruption of the axially symmetric laminar 
flow in the condenser tube. This could re- 
sult from dirt on the surface of the aerosol 
injection capillary near the trailing knife 
edge. Here, the aerosol and the sheath flow 
must smoothly merge. A short way up- 
stream, the sheath air flow must pass 
through a narrow annular gap through 
which condensed butanol must flow down 
the wall in the opposite direction. If a drop 
of butanol bridges this gap, it could also 
upset the axial symmetry of the sheath air 
flow. Furthermore, misalignment of the 
aerosol sample injection assembly could 
cause similar problems. 

Figure 2a-e and the parameterized fits 
given in Table 2 indicate that TSI-3025 
UCPC 12 and 13 are outliners. It seems 
that such flow disturbance occurred unfor- 
tunately in the reference UCPCs. There- 
fore, the average counting efficiency curve 
was calculated from the normalised count- 
ing efficiency of the four TSI-3025 UCPCs 
(9, 10, 11, and 14). The average measure- 
ment (solid squares) is compared with a 
two-parameter fit (solid line) through the 
measure data (Fig. 3). Additionally, the 
width of the DMA size bins (horizontal 
bars) derived from the DMA calibration 
study by Birmili et al. (1997) and the maxi- 
mum and minimum measured counting 
efficiencies (vertical bars) are given in Fig. 
3. The horizontal bars demonstrate the un- 
certainty in the counting efficiency due to 
the width of the DMA mobility bin in the 
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exp. fit #13 
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(4 
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exp. fit # 9 

norm. rneas. # 9 
I 1 

6 8 10 
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FIGURE 2. (a) Counting efficiency curve of two TSI-3025 UCPCs determined in comparison with an aerosol 
electrometer. The open squares and the solid circles represent the normalised particle detection efficienq of 
UCPCs 12 and 13, respectively. The solid and the dashed lines represent two-parameter exponential fits of the 
measurements. (h)qe) Measured (crosses) and normalised (100% for 10 nm; solid squares) counting efficienciesof 
the TSI-3025 UCPCs (9, 10, 11, and 14)compared with two-parameter exponential fits (solid lines). 

size range 2.5-3.5 nm where the counting and in the investigation by Kesten et al. 
efficiency curve is relatively steep. (1991) (dashed line) are shown in Fig. 4. 

The  fitted detection efficiency curves of The counting efficiency curves determined 
the  TSI-3025 UCPC for silver as a particle by using silver as a particle material are 
material determined in this study (solid line) very similar. The average 50% counting 
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0 2 4 6 8 10 
particle diameter Dp [nm] 

(c) 
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particle diameter Dp [nm] 

(4 

FIGURE 2. (continued ) 

efficiency diameter (2.42 nm) in this study, had a broader width of the transfer func- 
however, is slightly smaller than the 50% tion for particles <5 nm in diameter. As a 
counting efficiency (2.90 nm) found by comparison, the particle detection effi- 
Kesten et al. This difference is in the un- ciency for sodium chloride (Kesten et al. 
certainty range of the DMA transfer func- 1991) as a particle material (dotted line) is 
tions. In their study, Kesten et al. (1991) plotted in Fig. 4 to illustrate the depend- 
used a TSI DMA model 3071 that probably ency of the counting efficiency of the TSI- 
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FIGURE 2. (continued ) 

I , 
4 6 

particle diameter Dp [nm] 

(el 

3025 on the particle material in the size 
range <5 nm. 

In Fig. 5, the measure and fitted particle 
detection efficiency curves for the different 
types of ultrafine particle counters investi- 
gated in this study are shown. The counting 
efficiency curve (solid circles and dashed 
line) of the PHA-UCPC is as steep as the 
average particle detection efficiency ob- 
tained from the TSI-3025 UCPCs (solid 

X 

meas. # 14 
- 

exp. fit # 14 . 
norm. meas. # 14 - 

squares and solid line). The observed 50% 
counting efficiency is found to be 2.49 nrn. 

The ability of the modified TSI-3010 CPC 
(solid triangles and dotted line) to count 
much smaller particles than a standard 
TSI-3010 CPC is illustrated by the 50% 
counting efficiency diameter of only 3.75 
nm. The coefficients for Eq. 1 for the fitted 
detection efficiency curves are summarised 
in Table 2. 

TABLE 2. Coefficients of the Exponential Fit of Counting Efficiency Curves of the TSI-3025 UCPCs, the 
PHA-UCPC, and the Modified TSI-3010 

CPC 
Number CPC Type 

Average 
(9, 10, 11, 14) TSI-3025 2.22 0.28 2.42 
9 TSI-3025 2.30 0.24 2.47 

10 TSI-3025 2.30 0.26 2.48 
11 TSI-3025 2.10 0.35 2.34 
12 TSI-3025 2.20 0.90 2.82 
13 TSI-3025 1.70 1.40 2.67 
14 TSI-3025 2.30 0.20 2.44 
23 PHA-UCPC 2.35 0.20 2.49 
20 Modified 

TSI-3010 2.00 2.50 3.75 
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FIGURE 3. The average measured (solid squares) and fitted (solid line) counting efficiency curve obtained for the 
TSI-3025 UCPCs. The vertical bars represent the maximum and the minimum measured counting efficienciesand 
the horizontal bars represent the width of the DMA size bin. 

Ten TSI-3010 particle counters were in- l/min aerosol sample flow rate, in the size 
vestigated in terms of their counting effi- range up to 25 nm (Table 3). Additionally, 
ciencies for nominal operating conditions, the counting efficiencies of 4 of the 10 
e.g., temperature difference between satu- TSI-3010 particle counters 
rator and condenser, AT = 17"C, and 1 mined at AT = 22°C. 

were deter- 

Ag, this study 

Ag, Kesten et al (1 991) 

NaCI, Kesten et al (1991) 

0 2 4 6 8 10 
particle diameter Dp [nm] 

FIGURE 4. The average counting efficiency curve of the TSI-3025 UCPC obtained in this study (solid line) 
compared to previous results. The dashed and dotted lines represent Kesten's results for silver and sodium chloride, 
respectively. 
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particle diameter Dp [nm] 

I .  - - 
- - - -  -..- -..-...--- . _ _ - -  ---.... - *  . 

FIGURE 5. The average measured and fitted counting efficiencies of the TSI-3025 (solid squares and solid line) 
compared to the particle detection efficienciesof the PHA-UCPC (solid circles and dashed line) and the modified 
TSI-3010 (solid triangles and dotted line). 

The measured particle detection ef3- 
ciencies of the 10 TSI-3010 CPCs operated 
with A T  = 17°C compared with a four- 
parameter exponential fits (Eq. 2) are plot- 
ted in Figure 6a (7, 8, 3), b (1, 4, 5), and c 
(2, 6, 17, 26). The variation of the counting 
efficiency curves is relatively small between 
the individual counters except one outlier 
(26). This CPC was employed in a previous 
study to count high concentrations of soot 

- 

exp. fit Avg TSI-3025 
I 

meas. Avg TSI-3025 
- - 

exp. fit PHA-UCPC . 
meas. PHU-UCPC 
...- 

exp. fit modified TSI-3010 . 
meas. modified TSI-3010 

I 

, 
I 

I 
I 

111 
I, 

particles. The soot might be the reason for 
poorer 50% detection efficiency compared 
to the other TSI-3010 CPCs. The average 
measured counting efficiency (solid squares) 
of the TSI-3010 CPCs for AT = 17°C and a 
four-parameter fit (solid line) is plotted in 
Fig. 7. The horizontal bars describe the 
maximum and minimum measured count- 
ing efficiencies. The average counting ef- 
ficiency for a AT of 17°C was derived using 

I 

- ,' .,' 
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TABLE 3. TSI-3010 CPCs Calibrated During the Intercomparison Workshop 

CPC 
Number 

CPC 
5 pe 

TSI-3010 
TSI-3010 
TSI-3010 
TSI-3010 
TSI-3010 
TSI-3010 
TSI-3010 
TSI-3010 
TSI-3010 
TSI-3010 
TSI-3010 

Institute 
Serial 

Number 

Aerosol 
Flow Rate 

(Ilmin) 

Temperature 
Difference 
AT PC) 

Univ. of Washington 
Institute for Tropospheric Research 
Institute for Tropospheric Research 
Institute for Tropospheric Research 
Colorado State Univ. 
Univ. of Alaska, Fairbanks 
Univ. of Washington 
Univ. of Washington 
Univ. of Hawaii 
Desert Research Institut 
California Institute of Technology 
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meas. # 7, 17°C 

exp. fit # 7, 17°C 

meas. # 8, 17°C 

exp. fit # 8, 17°C 

meas. # 3, 17°C 
.... 

exp. fit # 3, 17°C 

particle diameter Dp [nm] 

(4 

meas. # 1, 17°C 
- 

exp.f i t# l ,  17°C . 
meas. # 4, 17°C 
- - 

exp. fit # 4, 17°C . 
meas. # 5, 17°C 

exp. fit # 5, 17°C 

0 5 10 15 20 25 
particle diameter Dp [nm] 

FIGURE 6. (a)-(c) The measured and fitted counting efficienciesof the TSI-3010 CPCs (7, 8, 3, 1, 4, 5, 2, 6, 17, 
and 26) for a temperature difference of 17" between saturator and condenser. The solid squares, circles, and 
triangles represent the measured counting efficiencies while four-parameter fits are represented by solid, dashed, 
dotted, and dashed-dotted lines. 
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0 5 10 15 20 25 
particle diameter Dp [nm] 

(c) 

FIGURE 6. (continued ) 

Avg. meas. TSI-3010, 17°C 

exp. fit TSI-3010, 17°C 

8 E 

0 5 10 15 20 25 
particle diameter Dp [nm] 

FIGURE 7. The average measured (solid squares) and fitted (solid line) particle detection efficiencie of the 
TSI-3010 CPC for a temperature difference of AT = 17°C between saturator and condenser. The horizontal bars 
represent the maximum and minimum measured counting efficiencies. 
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9 of the 10 calibrations. The outlier, CPC 
26, was excluded. To describe the S-shape 
of the counting efficiency curve for these 
CPC's, the measured detection efficiency 
curve was fitted with the four-parameter 
exponential formula used in Mertes et al. 
(1995): 

with Do = D, ln(a/b - 1) + D,. 
The measured particle detection effi- 

ciencies of the four TSI-3010 CPCs (1, 5, 7, 
8) operated with AT = 22°C compared with 
the four-parameter exponential fits (Eq. 2) 
are plotted in Figure 8. The average meas- 
ured counting efficiency (solid squares) of 
the four TSI-3010 CPCs for AT = 22°C and 
a four-parameter fit (solid line) are plotted 
in Fig. 9. Again, the horizontal bars de- 

scribe the maximum and minimum meas- 
ured counting efficiencies. Here the varia- 
tion of the counting efficiency curves for 
AT = 22°C is also relatively small between 
the individual counters. 

The coefficients of the exponential fits 
and 50% detection efficiency diameters for 
the different counters and operating condi- 
tions are listed in Table 4. The average 
50% detection efficiency diameters for 
AT = 22 and 17°C were determined from 
the exponential fit to be 8.15 and 11.9 nm, 
respectively. These results are slightly dif- 
ferent than the 50% detection efficiency 
diameters determined by Mertes et al. 
(1995) (10.5 nm) as well as the manufac- 
turer's specification (10 nm) for AT = 17°C. 
However, the trend of increased counting 
efficiency for smaller particles with increas- 
ing AT, as seen by Mertes et al. (1995), was 
confirmed. For comparison purposes, the 
counting efficiency curves for the different 
ATs (17, 22, and 36°C) obtained in this and 

I 

meas # 1, 22°C 
- 

exp. fit # I, 22°C . 
meas. # 5, 22°C 
- - 

exp. fit # 5, 22°C . 
meas. # 7, 22°C 
.... 

exp. fit # , 22°C 
A 

meas. # 8.22"C 
-. 

exp. fit # 8, 22°C 

0 5 10 15 20 25 
particle diameter Dp [nm] 

FIGURE 8. The measured and fitted counting efficienciesof the TSI-3010 CPCs (1, 5, 7, and 8) for a temperature 
difference of 22" between the saturator and condenser. The solid squares, circles, and triangles represent the 
measured counting efficiencieswhile four-parameter fits are represented by solid, dashed, dotted, and dashed-dotted 
lines. 



Aerosol Science and Technology 
27:2 August 1997 

Efficiency Intercomparison for 26 CPCs 237 

I 

Avg. meas. TSI-3010,2Z0C 

exp. fit TSI-3010,22"C 

Max. Min rneas. TSI-3010.22"C 

0 5 10 15 20 25 
particle diameter Dp [nrn] 

FIGURE 9. The average measured (solid squares) and fitted (solid line) particle detection efficiency of the 
TSI-3010 CPC for a temperature difference of AT = 22°C between saturator and condenser. The horizontal bars 
represent the maximum and minimum measured counting efficiencies. 

in Mertes' investigation are plotted in Fig. geneous nucleation of butanol vapour that 
10. The performance of the modified TSI- one could expect for a AT of 36°C was 
3010 CPC is remarkable. As mentioned observed. 
previously, the 50% detection efficiency di- Eight TSI-3760/7610 CPCs were cali- 
ameter was found to be 3.75 nm. No homo- brated for different aerosol flow rates: three 

TABLE 4. Coefficients of the Exponential Fit of Counting Efficiency Curves of the TSI-3010 CPCs for Different 
AT between Saturator and Condenser 

Dl D2 %so 
CPC Number CPC Type AT PC) b a (nm) (nm) (nm) 

Average 
(all except 26) TSI-3010 17 1 1.15 11.3 2.1 11.90 

I TSI-3010 17 I 1.13 11.9 2.0 12.33 
2 TSI-3010 17 1 1.13 11.3 1.8 11.72 
3 TSI-3010 17 1 1.15 11.0 2.0 11.52 
4 TSI-3010 17 1 1.18 11.6 2.3 12.18 
5 TSI-3010 17 1 1.13 11.5 2.1 11.82 
6 TSI-3010 17 1 1.13 11.7 2.0 12.06 
7 TSI-3010 17 1 1.18 11.4 2.1 11.92 
8 TSI-3010 17 1 1.13 10.8 2.0 11.32 

17 TSI-3010 17 1 1.12 11.5 2.0 11.96 
26 TSI-3010 17 1 1.17 14.8 2.2 15.23 

Average TSI-3010 22 1 1.17 7.5 2.0 8.15 
1 TSI-3010 22 1 1.15 8.1 2.1 8.78 
5 TSI-3010 22 1 1.18 7.3 2.0 7.97 
7 TSI-3010 22 1 1.18 7.8 2.1 8.45 
8 TSI-3010 22 1 1.22 6.8 1.9 7.49 
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0 5 10 15 20 25 
particle diameter Dp [nrn] 

FIGURE 10. The average counting efficienciesof the TSI-3010 for different ATs obtained in this study compared 
to previous measurements. The solid, dashed, and dotted lines emphasized by solid squares represent the fitted 
counting efficiency curves for different ATs (17, 22, and 36") in this study, and the solid, dashed, and dotted lines 
(17, 21, and 25") represent the results by Mertes et al. (1995). 

for 0.5 l/min, five for 1.0 l/min, and four 
for 1.5 l/min. Generally, the observed 
counting efficiency curves showed that with 
decreasing aerosol flow rate, the counting 
efficiency curve is shifted toward smaller 
particle sizes. For various reasons, however, 
not all counting efficiency curves measured 
were representative of the standard TSI- 
3760/7610 CPCs. Some data were there- 
fore excluded. Specific reasons for exclud- 
ing TSI-3760/7610 are as follows: 

Two particle counters exhibited detec- 
tion efficiencies larger than 100%: one 
(24) for 0.5 l/min, and another (16) for 
1.0 l/min aerosol flow rate. With de- 
creasing aerosol flow rate in the TSI- 
3760/7610 CPC, the residence time in 
the condenser becomes larger and, thus, 
particles may grow to larger butanol 
droplets. We observed that the pulses 
from the photodetector became too high 
and broad, leading to multiple counting 
and, subsequently, to an overestimation 
of the particle number concentration. 

2. In two CPCs (18 and 19), the cavity of 
the saturator block was enlarged, lead- 
ing to a longer residence time of the 
aerosol in the saturator, and probably to 
more butanol vapour being carried into 
the condenser. Subsequently, the super- 
saturation of butanol vapour became 
higher, leading to activation of smaller 
particles. The 50% detection efficiency 
diameter of these CPCs was shifted from 
15 nm (nominal 50% detection efficiency 
diameter) to about 10 nm. 

3. After calibration, we observed that one 
CPC (15) had irregularities in its elec- 
tronics, probably leading to an inaccu- 
rate AT and, subsequently, to a shift in 
the 50% detection efficiency diameter. 

The TSI-3760/7610 particle counters 
were investigated in terms of their counting 
efficiencies for different aerosol sample flow 
rates (0.5, 1.0, and 1.5 l/min; see also Table 
5). The measured and fitted detection ef- 
ficiency curves are shown in Figure l l a ,  b, 
and c for the aerosol flow rates 0.5, 1.0, and 
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TABLE 5 .  TSI-376017610 CPCs Calibrated during the Intercomparison Workshop 

Temperature 
CPC Serial Aerosol Flow Difference 

Number CPC Type Institute Number Rate (llmin) AT PC) 

Univ. of Washington 
Univ. of Washington 
Univ. of Hawaii 
Univ. of Hawaii 
Lund Univ. 
Lund Univ. 
Lund Univ. 
Cape Grim 

1.5 l/min, respectively. The coefficients of 
the exponential fits and 50% detection ef- 
ficiency diameter for the different counters 
and operating conditions are listed in Table 
6. In general, it was observed that the de- 
tection efficiency curve shifted to smaller 
particle sizes with decreasing aerosol flow 
rate. 

These results are in contrast to Zhang 
and Liu (1991), who found a shift to larger 
particle sizes with decreasing aerosol flow 
rate. Our results show that the counting 
efficiency of the TSI-3760/7610 CPCs gen- 
erally does not reach 100% for particles 
larger than 25 nm. The counting efficien- 
cies we observed were between 90-98% for 
this size and are probably due to losses in 
the CPC. For the flow rate of 1.5 l/min 
(nominal 1.416 l/min), the nominal 50% 
detection efficiency diameter of 15 nm 
specified by the manufacturer was verified 
by our result. Furthermore, the slope of the 
detection efficiency curve becomes steeper 
with decreasing aerosol flow rate. This 
might be due to a more homogeneous tem- 
perature profile in the condenser and the 
larger butanol concentrations which may be 
achieved in the saturator. 

CONCLUSION 
An intercomparison study of the size- 
dependent counting efficiency of 26 con- 
densation particle counters was performed 
during a calibration workshop in prepara- 
tion for the Aerosol Characterization Ex- 

periment 1 (ACE1). Three different types 
of commercially available particle counters, 
the ultrafine condensation particle counter 
(TSI-3025 and the condensation particle 
counters TSI-3010 and TSI-3760 or TSI- 
7610), were investigated at default temper- 
atures and flow settings as well as for other 
flow rates and temperature differences be- 
tween the saturator and the condenser. The 
pulse-height-analysis ultrafine condensa- 
tion particle counter and a TSI-3010 modi- 
fied to achieve a higher temperature dif- 
ference were also calibrated. 

The average 50% detection efficiency di- 
ameter of the TSI-3025 UCPCs was deter- 
mined to be 2.42 nm. This value is slightly 
smaller than the nominal one given by the 
manufacturer. The counting efficiency of 
some TSI-3025 UCPCs in the size range 
<5 nm seems to be influenced by distur- 
bances of the laminar flow in the condenser 
tube due to dirt or butanol droplets. These 
flow disturbances led to a less steep count- 
ing efficiency curve. The shape of the 
counting efficiency curve of the properly 
functioning TSI-3025 UCPCs is very similar 
to the detection efficiency curve of the 
PHA-UCPC. In general, the aerosol flow of 
the TSI-3025 UCPC is not stable and should 
be frequently adjusted. 

The 50% detection efficiency diameter of 
the PHA-UCPC was determined to be 2.49 
nm. The modified TST-3010 CPC with a AT 
of 36" between saturator and condenser 
exhibited a 50% detection efficiency diame- 
ter of 3.75 nm and reached a 90% counting 
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FIGURE 11. The measured and fitted counting efficienciesof TSI-37 6017610 CPCs for different aerosol flow rates 
(0.5, 1.0, and 1.5 llmin). The solid squares, circles, and triangles represent the measured particle detection 
effiaencies of various TSI-376017610 CPCs while the solid, dashed, and dotted lines represent the fitted counting 
efficiency curves. 

efficiency at 10 nm. Furthermore, no homo- AT = 17 and 22°C were determined to be 
geneous nucleation of butanol vapour was 11.9 and 8.15 nm, respectively. The shift of 
observed. the counting efficiency curve to smaller 

The average 50% detection efficiency di- particle sizes with increasing AT confirms 
ameters of the standard TSI-3010 CPC for previous measurements. The determined 
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FIGURE 11. (continued ) 

50% detection efficiency diameters, how- 
ever, are slightly different compared to the 
previous study. 

The TSI-3760/7610 CPC was calibrated 
for three different aerosol flow rates: 0.5, 
1.0, and 1.5 l/min. In contrast to previous 
investigations, we found that the 50% de- 
tection efficiency diameter shifted toward 
smaller particle sizes with decreasing 
aerosol flow rate. The 50% detection effi- 
ciency diameters were approximately 10.2, 
12.3, and 15.2 nm for the aerosol flow rates 
0.5, 1.0, and 1.5 I/min, respectively. 

In general, the different particle counters 
are very sensitive to instrument conditions 
such as flow rate, temperature difference 
between saturator and condenser, or 
changes of the design. A frequent calibra- 
tion for individual particle counters is re- 
quired to characterise the exact counting 
efficiency spectrum for a given particle 
counter. This calibration is especially im- 
portant when accurate, absolute concentra- 
tion measurements are desired or when a 
comparison between two or more instru- 
ments is crucial. 

TABLE 6. Coefficients of the Exponential Fit of Counting Efficiency Curves of the TSI-376017610 CPCs 
for Different Aerosol Flow Rates 

CPC Flow Rate Dl D2 D ~ , s ~  
Number CPC Type (l/min) b a (nm) (nm) (nm) 
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